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Abstract—To assess the performance of future mobile network
technologies, system level simulations are crucial. They serve
to identify whether, and to which amount, predicted link level
performance gains are obtained in an entire network. In this
paper, we present a computationally efﬁcient link-to-system level
model for system-level evaluations of multiple-input multiple-
output (MIMO) high-speed downlink packet access (HSDPA),
including double-stream transmit antenna array (D-TxAA) as
a special case. The model is based on a fairly general structure
which also allows for the mapping of more than two independent
streams. We base the description on the post-equalization signal-
to-interference-and-noise ratio (SINR) and represent it in a so-
called “fading-parameter” structure, which leads to a nice split
of the individual interference terms - which can be used e.g.
for receiver optimization. These fading-parameters furthermore
allow for a generation prior to the system level simulation itself,
which reduces the computational burden signiﬁcantly.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) enhancements, in
particular for high-speed downlink packet access (HSDPA)
have been in focus of research for several years now. So
far, promising transmission techniques have been identiﬁed
and evaluated using link level simulations. Whereas these
investigations are suitable for the development of receiver
algorithms, feedback strategies, coding design, etc. they are
not capable of reﬂecting network issues like cell planning,
scheduling, interference situations and so on. Therefore, to
understand system and user performance under reasonable
operating conditions in various deployment scenarios, system
level simulations are crucial [1]. For complexity reasons those
evaluations however have to rely on simpliﬁed link models that
still must be accurate enough to capture the essential behavior.
Generally speaking, a system level model has to represent
the measurements used for link adaption and resource alloca-
tion, and grant a possibility to determine the block error rate
(BLER) given a certain resource and power allocation as well
as signal processing, after descrambling and -spreading, [2].
The existing system level models for SISO WCDMA sys-
tems, see e.g. [3], [4], cannot be used in a straightforward
way for MIMO enhanced systems, and none of the published
results is able to accurately model the proposed D-TxAA
transmission scheme so far. Either the utilization of MMSE
equalizers is not supported (as recommended for MIMO
HSDPA) [5], multiple-stream operation is not covered [6],
the mandatory precoding (e.g. for D-TxAA) is missing [4],
or no full analytical description is derived to be available
for system level evaluations [6], [7]. Furthermore, all of the
cited works need to compute the full complex MIMO channel
matrix on system level, which—together with the necessary
complex multiplications, the evaluation of the precoding and
the equalizer coefﬁcients—implies a large computational bur-
den on system level.
In this paper, we propose a computationally efﬁcient link-
to-system level model that can be implemented in system level
simulations of MIMO enhanced HSDPA. We provide a com-
plete analytical description of the post-equalization symbol-
level signal-to-noise-and-interference ratio (SINR) including
the precoding, spreading/despreading and MMSE equalization.
Our model shows a structure that identiﬁes the relevant in-
terference terms—which enables e.g. receiver optimizations
[8], [9]—and allows for the generation of scalar “fading
parameters” prior to the system level simulation. Utilizing this
special structure, nearly all link-dedicated procedures can be
included in the fading parameters, thus during the runtime
of the system level simulation only scalar multiplications are
needed to compute the SINR. This signiﬁcantly reduces the
computational effort. In principle, this idea has already been
touched in [10] for UMTS WCDMA, however in the context
of MIMO we need to generalize and fairly extend it to be able
to derive a suitable description.
This paper is organized as follows: in Section II we intro-
duce the system model with its premises and applicability,
and in Section III we derive the computationally efﬁcient
fading-parameter description. Afterwards, we investigate the
statistics of the fading-parameters by means of simulations
and comment on the resulting SINR distribution in Section IV.
Finally, our conclusions are presented in Section V.
II. SYSTEM MODEL
A. Link Description
To be able to derive an accurate and computationally efﬁ-
cient system level model, an analytical model of the WCDMA
(wideband code division multiple access) MIMO HSDPA
[11] transmission scheme is required, illustrated in Fig. 1.
Therefore, we adapted the framework of [12] in order to
reﬂect one individual link between a base station and an user
equipment.
Fig. 2 depicts the model where the transmitter (Tx) and the
receiver (Rx) are equipped with nT and nR antennas, respec-
tively. Note that this description allows for the description ofHS-DSCH TrCH
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Fig. 1. High level description of the dual-stream TxAA (D-TxAA) [11].
The precoding weights w1,...,w 4 are signalled by the UE to maximize the
receive SINR.
more than two spatial multiplexed data streams. Accordingly,
as illustrated in Fig. 2, the input data stream s is demultiplexed
into N parallel streams, s0,...,s N−1, with the individual data
streams sn, 0 ≤ n ≤ N − 1, being spread by a number of
spreading sequences, ϕn (multi-code usage) and scrambling
sequences (not depicted in Fig. 2).1
These spread and scrambled sequences are then mapped
to the nT transmit antennas using a preﬁltering matrix D ∈
CnT×N, which contains the precoding weights, w1,...,w nTN,
like depicted in Fig. 1, where D consists of w1,...,w 4.
At the receiver, the signals are gathered with nR antennas
and chip spaced sampled before they enter the discrete time
space-time MMSE (ST-MMSE) equalizer. The MIMO chan-
nel H ∈ CnR×nTL is modeled as time-discrete, frequency-
selective channel,
H =
⎡
⎢
⎣
h1,1(0) ··· h1,nT(0) ··· h1,nT(L − 1)
. . .
. . .
. . .
...
. . .
hnR,1(0) ··· hnR,nT(0) ··· hnR,nT(L − 1)
⎤
⎥
⎦,
where the entry hr,t(l) denotes the l-th sampled chip of the
channel impulse response from transmit antenna t to receive
antenna r, with a total length of L chip intervals. Note that
the pulse shaping, the transmit and receive ﬁltering, as well
as the sampling operation can be incorporated in the MIMO
channel matrix.
For sake of notational simplicity, we deﬁne an equivalent
time discrete channel Γ ∈ CnR×NL that includes the preﬁlter-
ing matrix D and the MIMO channel H, i.e. Γ = H·(IL ⊗ D),
with IL denoting the identity matrix of size L, and ⊗ being
the Kronecker product. With this, the input output relation at
time instant k, formulated by means of the equivalent channel
matrix, is given by
y(k)=Γx(k)+n(k), (1)
where we introduced the receive vector y(k)=
[y1(k),...,y nR(k)]T, the transmit vector x(k)=
1In a practical HSDPA system, the Node-B will most probably use only
one scrambling code.
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Fig. 2. System model for a WCDMA system, reﬂecting the parallel
transmission of N streams over nT transmit antennas and reception with nR
receive antennas by using a ST-MMSE [12].
[x0(k),...,x N−1(k),...,x N−1(k − L + 1)]T and the
receive noise vector n(k)=[ n1(k),...,n nR(k)]T.
The description in Equation (1) certainly allows for the
description of the D-TxAA scheme which implies that nT =
nR =2and N =1 ,2. However, the presented model
can be used for more than two independent data streams,
thus supporting future extensions of the scheme or other
transmission schemes [13].
B. Space-Time MMSE
Since we imply the usage of a ST-MMSE at the re-
ceiver, we have to extend our input-output relation from
Equation (1) for E received samples (the equalizer span)
at the nR receive antennas, i.e., yE(k)=ΓExE(k)+
nE(k). The “stacked” versions of the parameters are de-
ﬁned as yE(k)=[ yT(k),...,yT(k − E + 1)]T, xE(k)=
[x1(k),...,x N(k),...,x N(k − E − L + 2)]T and nE(k)=
[nT(k),...,nT(k−E+1)]T, and the equivalent channel matrix
ΓE ∈ CnRE×N·(L+E−1) is given by
ΓE =
⎡
⎢
⎢ ⎢
⎣
Γ0 nR,N ··· 0nR,N
0nR,N Γ ··· 0nR,N
. . .
. . .
...
. . .
0nR,N 0nR,N ··· Γ
⎤
⎥
⎥ ⎥
⎦
,
where 0nR,N denotes the all-zero matrix of dimension nR×N.
Note that this description can not be represented by a Kro-
necker product, because ΓE does not show a block structure,
as indicated by the size of the zero matrices 0nR,N.
According to [12], the solution of this ST-MMSE minimiza-
tion problem, Wd ∈ CN×nRE, estimating the data vector
xd = x(k − d)=[ x1(k − d),...,x N(k − d)]T at delay d,
can be evaluated to be
Wd = RxdxEΓH
E
 
ΓERxExEΓH
E + RnEnE
 −1
.
The covariance matrices then show the following structure
RxdxE =[ 0N×Nd,P,0N×N(E+L−d+2)],
RxExE = diagE+L−1 {P},
with P = diagi=1,...,N {Pi} combining the powers Pi, trans-
mitted on the i-th stream, respectively.The equalizer span E and the detection delay d are impor-
tant parameters that inﬂuence the performance of the system,
but an optimization of these is not treated in this paper. In
general, we assume an equalizer delay of d = E/2 (according
to [14]).
III. LINK-TO-SYSTEM LEVEL MODEL
Many different metrics are capable of describing the link
quality in a system level simulation (see e.g. [15]) but in this
paper we decided in favor of the signal-to-interference-and-
noise-ratio (SINR) which has been used frequently in different
simulation approaches.
The total received signal at user u can be evaluated by
summing over all base-stations B and all users Ub of the b-th
base-station respectively, as
y(k)=
B  
b=0
Ub  
u=0
 
ψ∈Ψub
 
ϕ∈Φub
Γubxub,ψ,ϕ(k)+nE(k),
where Ψub and Φub denote the pool of scrambling and
spreading codes for user u served by base-station b.T h e
received signal is then passed through the ST-MMSE and, if
we omit the noise term for the moment, leads to the useful
post-equalization signal given by
ˆ xn(k)=
B  
b=0
Ub  
u=0
 
ψ∈Ψub
 
ϕ∈Φub
N(E+L−1)−1  
m=0
wT
nγm
ubxub,ψ,ϕ,  m
N  
 
k −
 m
N
  
.
(2)
Here, we decomposed Wd =[ w1,...,wn,...,wN]T and
Γub =
 
γ0
ub,...,γm
ub,...,γ
N(E+L−1)−1
ub
 
, where n denotes
the stream index and m is the index of the Tx chips for all
streams entering the equalizer span. Furthermore,
 m
N
 
denotes
the largest integer smaller than m
N and represents the delay of
the Tx chips, and
 m
N
 
denotes the remainder of the integer
division and represents the index of the substream.
After the descrambling and despreading, ˆ xn(k) is multiplied
with the complex conjugated scrambling and spreading codes
and integrated over the period of a symbol to obtain the esti-
mated Tx symbols ˆ sn. In the following, let us assume that each
Node-B (or cell-sector) uses only one scrambling sequence,
thus Ψub =Ψ b : |Ψb| =1whereas each neighboring Node-B
uses a different scrambling sequence. This reﬂects a typical
WCDMA scenario as currently implemented for Release ’99
and HSDPA. In the following, we will decompose the receive
power of ˆ xn(k) in Equation (2) into its different interference
terms to derive the system level model.
A. Equivalent Fading Parameters Description
1) Desired Signal: Without losing generality, we deﬁne the
user and base-station of interest to be u =0and b =0 . Then,
the power of the desired signal, Ps,n, is given by
Ps,n =
   wT
nγ
dN+n
00
   2
· Pn,ζ = Gs,n · Pn,ζ, (3)
where Pn,ζ denotes the power on stream n and spreading code
ζ spent for user u =0by base-station b =0 . Note that the
fading parameter Gs,n describes the equivalent fading of the
useful signal power.
2) Intracell Interference: The intracell interference is com-
posed by a number of terms, i.e. the remaining ISI after
equalization, PISI,n, the intercode interference when the same
scrambling but different spreading code is used, PIC,n,t h e
intracell interference from users that are not served in the same
instant as the user of interest but with the same scrambling
and spreading code, Pintra1,n, and the intracell interference
from users with the same scrambling but different spreading
code, Pintra2,n. From these terms, PISI,n and PIC,n represent the
intracell interference generated by the user of interest (self-
interference),
PISI,n + PIC,n =
N(E+L−1)−1  
m=0
m ∈[dN,dN+N−1]
   wT
nγm
00
   2
P0, 
m
N ,
and Pintra1,n together with Pintra2,n specify the intracell inter-
ference generated by all other users in the cell,
Pintra1,n + Pintra2,n =
U0  
u=1
N(E+L−1)−1  
m=0
m ∈[dN,dN+N−1]
   wT
nγm
u0
   2
Pu, 
m
N ,
where we deﬁned Pu, 
m
N  to be the user speciﬁc power spent
by base-station b =0on substream
 m
N
 
.I fw eu s et h e
simpliﬁcation that all streams designated for a user u have
t h es a m ep o w e rPu, the total intracell interference becomes
Pintra,n =
1
N
P0
N(E+L−1)−1  
m=0
m ∈[dN,dN+N−1]
   wT
nγm
00
   2
      
from user of interest
+
1
N
U0  
u=1
Pu
N(E+L−1)−1  
m=0
m ∈[dN,dN+N−1]
   wT
nγm
u0
   2
      
from other users in the cell
,
(4)
with Pu =
 N−1
n=0 Pu,n. So far, the description of Equation (4)
does not allow for a decoupling into fading parameters and
power terms, because γm
u0 depends on the user index, i.e.
the choice of the user regarding their precoding, which is
only known on system level. To be able to decompose it,
we have to introduce another simpliﬁcation, namely to replace  N(E+L−1)−1
m=0
m ∈[dN,dN+N−1]
   wT
nγm
u0
   2
by an average over the precoding
choices of the users. Accordingly, the resulting term
1
|Ω|
 
ω∈Ω
N(E+L−1)−1  
m=0
m ∈[dN,dN+N−1]
   wT
nγm
u0
   2
= oBF,n · Gs,n, (5)
with ω denoting the precoding choice out of the code-book Ω,
does not depend on the user index anymore.With this simpliﬁcation, we can represent the intracell
interference affecting stream n by
Pintra,n =
 
P0 + oBF,n ·
U0  
u=1
Pu
 
· ointra,n · Gs,n, (6)
with the beamforming orthogonality fading oBF,n as deﬁned
in Equation (5), and the intracell orthogonality fading, ointra,n,
being
ointra,n =
1
N
·
 N(E+L−1)−1
m=0
m ∈[dN,dN+N−1]
   wT
nγm
00
   2
   wT
nγ
dN+n
00
   2 .
3) Intrastream Interference: The interference generated by
the parallel transmission of a second (spatially multiplexed)
stream is given by the power PINT,n, and can be expressed as
PINT,n =
N−1  
m=0
m =n
   wT
nγ
dN+m
00
   2
·Pm,ζ = Gs,n·
N−1  
m=0
m =n
oINT,m·Pm,ζ,
where oINT,m denotes the intrastream orthogonality factor.
4) Intercell Interference: For this interference term, we
will assume that all users in a neighbouring cell will apply
the same precoding coefﬁcients. We investigated the effect of
this simpliﬁcation, and it turned out that it does not affect
the statistics of the intercell interference under some loose
conditions. The main reason for this is that the ST-MMSE
weights of the desired user are chosen statistically independent
of the intercell interference channel. However, due to the
limited space the proof is omitted.
If we furthermore assume that all substreams designated
for one user are equally powered, the intercell interference is
given by
Pinter,n =
B  
b=1
Ptot,b
1
N
wT
n
⎡
⎣
N(E+L−1)−1  
m=0
γm
0b (γm
0b)
H
⎤
⎦ 
wT
n
 H
=
B  
b=1
Ptot,b Ginter,b,n,
where Ptot,b denotes the total transmit power of Node-B b
spent for the HSDPA data transmission to all served users,
and Ginter,b,n is the equivalent intercell fading process.
5) Thermal Noise: We model the thermal noise white and
Gaussian, statistically independent and with identical power
on all antennas and over all chips that enter the equalizer.
Accordingly, we can calculate the power (on symbol level) of
the thermal noise as
W = E
    wT
nnE(k)
   2
2
 
= σ2
n
   wT
n
   2
2 .
B. Resulting Link-to-System Level Model
With the descriptions derived so far, the signal-to-noise-and-
interference ratio on substream n and spreading code ζ,a s
observed after equalization and despreading (thus on symbol
level), can easily be expressed by
SINRn,ζ =
SF · Ps,n
SF · PINT,n + Pintra,n + Pinter,n + W
, (7)
TABLE I
COMMON SIMULATION PARAMETER SETTINGS FOR THE FADING
SIMULATIONS IN FIG.3AND 4.
Parameter Value
sampling time 2/3ms
Fading model Improved Zheng model
# transmit antennas nT 2
mean equalizer SNR 10dB
MMSE span E 30
MMSE delay d 15
BF delay 3 slots
where SF denotes the spreading factor. For D-TxAA in par-
ticular, PINT,n simpliﬁes to PINT,n = oINT · Gs,n · Pm,ζ, since
there is only one interfering parallel substream.
The description only contains equivalent fading parameters
and power terms, which do not depend on each other. Accord-
ingly, traces for the fading parameters may be generated prior
to the system level simulation—thus only scalar multiplica-
tions will occur in Equation (7) when evaluated on system
level.
It is also worth noting that in principle only one trace
for each fading parameter has to be generated—statistical
independency between different realizations for different users
can always be achieved by choosing independent starting
indices (e.g. drawn uniformly) within the traces.
IV. FADING SIMULATIONS
To obtain a better insight into the characteristics of the de-
veloped model, we performed various simulations in which we
evaluated the deﬁned parameters. The statistical evaluation was
carried out by utilizing a fading simulator where the MIMO
channel coefﬁcients were generated according to the improved
Zheng Model, see [16] and [17]. The MMSE weights and
the precoding coefﬁcients were determined assuming perfect
channel knowledge at the receiver. The precoding coefﬁcients
were chosen according to [11], [18], i.e.
w1 = w3 = 1 √
2,
w2 ∈
 1+j
2 ,
1−j
2 ,
−1+j
2 ,
−1−j
2
 
,
w4 = −w2.
Accordingly, the precoding is fully determined by the choice
of the mobile regarding weight w2, which was obtained by
(w2)i = arg max
i=1,...,4
DH
i RDi, (8)
where Di denotes the preﬁltering matrix D with the weights
given by the value of w2, speciﬁed by the subindex i.T h e
matrix R is deﬁned as R 
 nR
n=1 HH
nHn, with Hn denoting
the L × nT channel matrix, associated to receive antenna n.
Table I lists the common simulation parameter settings for the
following results. Furthermore, it has to be noted that both, the
intracell power, as well as the intercell power are normalized
to 1 at the receiver.
Fig. 3 shows the fading simulation CDFs of the single
stream mode in case of an ITU PedA proﬁle, for the 2 × 110
-6
10
-4
10
-2
10
0
10
2
10
4
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
C
D
F
s
 
o
f
 
f
a
d
i
n
g
 
p
a
r
a
m
e
t
e
r
s
Fig. 3. CDFs of the equivalent fading processes for the closed-loop single-
stream D-TxAA mode in the 2 × 1 MIMO case for an ITU PedA channel.
MIMO channel. The speed of the mobile was set to 3km/h.
The high values of the beamforming fading parameter oBF
denote a large gain due to the precoding and small values
of the intracell fading parameter ointra show that the intracell
interference can be effectively suppressed by the equalizer.
High values of the intercell fading parameter are due to the
power normalization as mentioned before (in the system level
simulation, Ginter would be weighted with a larger pathloss
compared to Gs).
Fig. 4 then shows the results (CDFs again) for the double
stream mode in case of an ITU PedA proﬁle in a 2 × 2
MIMO channel where the speed of the mobile was again
set to 3km/h. Here, the solid lines denote the equivalent
fading processes of the ﬁrst stream, and the dashed lines
illustrate the processes of the second one. The CDFs of the
equivalent fading processes of the two streams are separated
due to the precoding. As deﬁned in Equation (8), the ﬁrst
stream is always preferred in terms of the precoding coefﬁcient
evaluation which leads to better statistics in terms of the
equivalent fading processes. Another interesting observation
is that the beamforming orthogonality oBF,n =1is constant
in this simulation setup. This can be explained by the fact
that in a 2 × 2 system, only two degrees of freedom exist to
separate users by the choice of the beamforming vectors. In
the double stream mode, however, both degrees of freedom
are used for the transmission of the two streams, such that the
users do not gain anymore from a possible different choice of
their corresponding beamforming weights. To be speciﬁc, this
can be deduced from the following lemma.
Lemma IV.1. Assume that N = nT =2and the precoding
matrix D is unitary (which is the case if the precoding coef-
ﬁcients are normalized, see Section IV). Then the user index
dependent beamforming orthogonality oBF,u,n is identical to
one. In particular this holds for the averaged beamforming
orthogonality oBF,n.
Proof: The proof is given in Appendix A.
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Fig. 4. CDFs of the equivalent fading processes for the closed-loop double-
stream D-TxAA mode in the 2 × 2 MIMO case for an ITU PedA channel.
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Fig. 5. CDF of the worst SINRs (min), the best SINRs (max), and the mean
SINR (mean) within a hexagonal sector containing 25 simulated users.
Fig. 5 ﬁnally shows the CDF of the resulting SINR from
Equation (7). The results are based on the simulation of a
cell layout type one network [11], with a base-station distance
of 1km, utilizing two antennas at the transmitter and the
receiver (2 × 2), corresponding to Fig. 4. In the target sector,
we simulated 25 users, moving with 3km/h within the sector
boundaries. Fig. 5 depicts the CDF of the worst SINRs (min)
of all users, the best SINRs (max) of all users, and the mean
of the SINR (mean) over a total simulation runlength of 10000
TTIs of 2ms, for both streams. Again, it can be observed that
stream one is preferred due to the precoding.
V. CONCLUSIONS
In this paper, we derived an computationally efﬁcient analyt-
ical description of the post-equalization symbol-level signal-
to-noise-and-interference ratio (SINR) for MIMO HSDPA,
including the precoding, spreading/de-spreading and MMSE
equalization. The description can be utilized as a link-to-
system level model for MIMO HSDPA transmission schemes,including double stream TxAA (D-TxAA), to accurately eval-
uate the link quality. Our proposal is represented in a fading
parameter structure that allows for the generation of equivalent
fading traces prior to the system level simulation—leading to
a very low computational complexity and thus signiﬁcantly
reducing the simulation time. We investigated and discussed
the statistical behavior of the fading parameters of our model,
including a coarse system level simulation to determine the
statistics of the resulting SINR in a speciﬁc network layout.
Noteworthy results have been studied and theoretically rea-
soned. The proposed system level model is currently going to
be implemented in the dynamic, event-driven system level sim-
ulator of Nokia Siemens Networks (NSN), called “MoRSE”
(Mobile Radio Simulation Environment).
APPENDIX A
PROOF OF LEMMA IV.1
Obviously it sufﬁces to show the assertion for oBF,u,n.L e t
us ﬁrst consider the simpler sum
 N(E+L−1)−1
m=0
   wT
nγm
u0
   2
.I n
fact this expression equals
   wT
nΓE
   2
where ΓE is the stacked
equivalent channel matrix and  ·  denotes the norm of a vector
in any Cl, l ∈ N. Since ΓE = HE ·(IE+L−1 ⊗D), where D
is the precoding matrix of the user u, we obtain by expressing
the norm using the scalar product
N(E+L−1)−1  
m=0
   wT
nγm
u0
   2
=
   wT
nΓE
   2
= wT
nΓEΓH
Ew∗
n
= wT
nHE(IE+L−1 ⊗ D)(IE+L−1 ⊗ DH)HH
Ew∗
n
= wT
nHE(IE+L−1 ⊗ DDH)HH
Ew∗
n
(9)
However, by assumption, the precoding matrix is unitary.
Hence,
N(E+L−1)−1  
m=0
   wT
nγm
u0
   2
=
   wT
nHE
   2
, (10)
and this is independent of the precoding matrix D. For an
arbitrary matrix A and some set I⊂N0 of indices let
ΠI(A) denote the matrix where the columns with indices in
I are deleted. For the particular index set [Nd,Nd+ N − 1]
it can be shown rather quickly that Π[Nd,Nd+N−1](ΓE)=
Π[Nd,Nd+N−1](HE)(IE+L−2 ⊗ D), i.e., Π[Nd,Nd+N−1] pre-
serves the structure of the matrix ΓE - block matrix times
some block diagonal matrix ﬁlled with copies of D. Hence
exactly the same calculations as in (9) and (10) lead to
N(E+L−1)−1  
m=0
m =[Nd,Nd+N−1]
   wT
nγm
u0
   2
=
   wT
nΠ[Nd,Nd+N−1](ΓE)
   2
=
   wT
nΠ[Nd,Nd+N−1](HE)
   2
.
Since this holds for every user index u, one immediately sees
that oBF,u,n ≡ 1.
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